A theory is proposed for aortic valve closure, based on flow studies using a model valve placed in a pulsatile water tunnel (Bellhouse & Bellhouse 1968 , 1969a . It is shown that strong vortices form in the aortic sinuses, and that the ridge at the distal end of the sinuses is maintained at freestream stagnation pressure during systole. At peak systole, the cusps project slightly into the sinuses and are held in a stable position by the vortices and the aortic flow. Deceleration of the aortic flow in the latter part of systole causes vortex thrust to dominate the thrust from the aortic side of the cusps, and the valve begins to close. Closure is three-quarters accomplished before forward flow ceases, and reversed flow seals the valve, with backflow less than 5% of stroke volume.
When the aortic valve is stenosed, a turbulent jet results, which is not intercepted by the sinus ridge, and no sinus vortices are formed. The pressure at the cusp free-margins is greatly reduced (a Venturi effect), and sinus pressure is reduced accordingly. Since the coronary ostia are located within the sinuses, stenosis of the aortic valve is proposed as a cause of angina pectoris associated with effort.
When the sinuses are occluded, thereby removing the fluid-mechanic closure mechanism, the valve is closed suddenly and unevenly by reversed flow with backflow exceeding 20 % of the stroke volume.
Using a model of the left ventricle pulsated sinusoidally (Bellhouse & Bellhouse 1969b) , it is shown that a ring vortex is formed in the ventricle as the valve opens, and that the cusps are held in a stable near-cylindrical shape. After peak diastole, flow deceleration and vortex thrust cause a pressure imbalance across the cusps tending to close them. As in the aortic valve, three-quarters of mitral valve closure is shown to be accomplished before the flow through the mitral ring reverses, so backflow is less than 2 % of stroke volume.
When the ventricle is expanded slowly, so that both the vortex and flow deceleration are absent, and the ventricle is then suddenly contracted, it is shown that backflow increases to 10% of stroke volume.
Mr D Longmore (National Heart Hospital, Westmoreland Street, London WIM 8BA)
The Preparation of Homografts: Are They Still Homografts?
In 1858 Virchow published some twenty of his lectures in the form of a booklet in which he pointed out the three things now known as Virchow's triad which cause intravascular clotting. These are: (1) An alteration in the nature of blood flow, (2) an alteration in the nature of the vessel wall, (3) an alteration in the blood itself.
When we consider valve replacement, it is important to make certain, if possible, that none of the characters of this triad is transgressed. In illustrations of the Starr-Edwards ball valve (Fig 1) , an early National Heart Hospital flap valve ( Fig 2) and a homograft valve (Fig 3) , all mounted in a pulse duplicator with equal time relationships, it is obvious that the ball valve and flap valve cause considerable turbulence and delay in opening. This shows on the cardiologist's catheter as a small pressure gradient. This minor pressure gradient is insignificant compared with the risk of thrombosis and embolism due to bubbles and thrombi forming on the artificial valves. Most of the emboli will be small, but just as when you stand by a stream and throw sticks into it, most will travel to the same place, so a stream of small emboli can U:: What is also to be seen in these illustrations is that only in the case of the homograft is the blood exposed to natural tissues alone. What is not obvious from these pictures and not generally known is that the insertion of prosthetic valves into the circulation causes a measurable rise in plasma fibrinogen. At first sight it would seem remarkable that the liver should respond by excessive production of this substance simply as a result of putting in a device which does not usually cause measurable haemolysis. It is not unusual to regard damage to the cellular elements of the blood as an index of efficiency of prosthetic devices or extracorporeal circulation. For example, in malaria there is some relationship between the degree of hwvmolysis and the severity of illness, and the level of hamolysis can be many times higher than that in inefficient cardiopulmonary bypass or a poorly sealing mechanical valve. Yet these devices may produce more profound systemic effects.
If we consider the plasma proteins the answer becomes clear for these are tightly coiled, energyrich molecules and, like the molecules of a viscostatic oil, when stressed they stretch, lengthen and change their viscosityblood is a non-Newtonian fluidand become 'denatured'. It would not be surprising if the liver overcompensated by producing them, including fibrinogen, to excess. This mechanism has been suggested as a possible cause. This is a result of the poor architecture of the mechanical valve, and there is a temptation to conclude that it might be possible to mimic the architecture of the natural valve with mechanical devices, or that the use of homograft valves will overcome these flow problems.
It is in this area that we need to exercise the utmost caution for, although Fig 3 shows a homograft causing no obstruction or turbulence, it is still important to remember that in the embryological stage of development the genes carry only a sketch plan of the development of the heart valves, not a finished pattern. The detailed architecture of the valve is the result of the blood ebbing and flowing through the primitive heart tube and the developing heart. In fact, foetal blood belongs to the same embryonic mass as the heart tube, so it is not difficult to understand how the walls are moulded and the valves formed and modified by the contents. Careless preparation of the graft or inaccurate placement will destroy the advantages of a homograft. Areas of low pressure associated with a valve inserted in the circulation sufficient to cause cavitation present a specific problem. For when bubbles formed by cavitation collapse they do so in an asymmetrical way and the Munro jets formed cause extremely high pressures, sufficient to denature proteins in this and to cause polymerization of substances in the plasma (see Fig 4) .
When we consider homografts as a method of overcoming Virchow's triad, are they still homografts in the true sense of the word? Architecturally indeed, if the sizing and placement is correct, they may well be satisfactory shortterm replacements; but when one considers a valve which is supported by various metal and plastic props, particularly the inverted aortic valve in the mitral position, both from the point of view of architecture and from that of presenting natural tissues to the blood, the situation is far from ideal. One good argument in favour of natural tissues, even when they are dead, is the beautiful incorporation which is shown in the picture of an aortic valve removed at autopsy (Fig 5) .
The types of preparation which have been used for a valve vary on the one hand from little interference with the valve to gross chemical disruption on the other. The valve may be taken fresh and sterile or antibiotics may be added as a sterilizing medium. Gaseous ethylene oxide sterilization, or the addition of beta-propiolactone which, when properly buffered, represents only mild chemical interference, is satisfactory. Storage involving flash-freezing may do little more harm, but freeze-drying is grossly destructive. Two other methods are irradiation and formalin fixation. Formalin-fixed valves present us with 'normal histology' as in fixed specimens. (We must relearn the examination of biological tissues which are to be assessed for use in the body.) A formalinfixed valve is probably doomed to failure because it is denatured.
The hybrid valve which consists of a mixture of homograft and man-made tissues presents not only problems by offending Virchow's triad, but also difficulties of incorporation. It is possible to use viable 'transplant' valves. This raises the question as to whether a live transplant provokes a significant immune response and whether tissue typing and immunosuppression would be necessary. In order to initiate a homograft reaction it is necessary for the recipient's detector cells to come into surface contact with donor cells which are alive and antigenic. It is unlikely that the endothelial cells of the donor valve are alive in a transplanted valve, so antigenicity from the surface of the valve is not a problem. The fibroblasts within the substance of the valve are not exposed to the blood stream and from this point of view an aortic valve transplant represents no more of an antigenic trigger than does a corneal graft. The same does not apply to the roots of the aortic valve for these contain cells and blood vessels. The lymphocytes which initiate and mediate a cellular homograft reaction may be repelled by the mucopolysaccharides which are in high concentration in the aortic root. Over a period of time one would expect the capillaries in the aortic root to become blocked with antigen-antibody complexes and platelets, and ultimately for it to calcify. In conclusion, it would seem at present that a properly prepared, unpropped, skilfully inserted homograft, which has never experienced the insults of freezing, crude chemical sterilization, or drying, must represent the best possible valve for use today.
Dr K Little (Wantage Research Laboratory, Wantage, Berkshire)
Mechanisms ofIncorporation of Homografts and Heterografts
The techniques of replacement of valves by grafts are still in their experimental stages. Homografts, heterografts and cusps devised from other tissues have been used, after having been prepared in a number of ways. Methods of preparation include the use of antibiotics, beta-propiolactone, formaldehyde or glutaraldehyde, freeze-drying, flash-freezing, and irradiation with either beta or gamma rays. There is still insufficient information available for a detailed assessment of these, and the purpose of this paper is to draw attention to some of the mechanisms of tissue change which will have to be considered when such an assessment is made. Comparison with the behaviour of related tissues, together with examination of grafted valves already removed for one reason or another have been used to indicate directions in which further research is likely to be fruitful.
Attachment of Valve
Non-biological support: Valve cusps are sometimes attached to a fabric support, and the method of incorporation of these supports is straightforward. They become impregnated and covered by a layer of clotted blood through which fibroblasts can penetrate, following the direction of the deposited fibrin strands. The clot is rich in chemicals which stimulate and provide the energy necessary for proliferation of granulation tissue cells. These cells subsequently differentiate into fibroblasts or vascular endothelial cells. Exposed parts of the fabric away from the clot are rapidly covered with fibrinogen from the blood, followed by platelets, so providing the basis for a thin layer of nutrient material through which granulation tissue cells can move and proliferate. The support thus becomes firmly incorporated in fibrous tissue.
Donor aorta: The alternative technique is to sew the portion of aortic wall to which the cusps are attached to the underlying aorta. At this join, provided that there is no movement of the two parts relative to one another during the initial stages, clot formation followed by penetration of granulation tissue and its subsequent differentiation to fibrous tissue provide good cohesion.
Fibrous thickening: If the flow characteristics of the grafted valve are unsatisfactory, fibrin and other components of the blood may be deposited at the base of the cusp, either soon after insertion or later as the cusps deteriorate. Granulation tissue penetration of these deposits produces an undesirable thickening.
Structure of Cusp
The surfaces ofthe cusps have different structures, to accommodate differences of blood flow and pressure on the two sides. One surface is smooth, with reticulin as the main componentthat is, a network of collagen fibrils in a strong chemically resistant cellulose membrane. The other surface has rounder cells with surrounding tissue which gives a beta-protein X-ray diffraction pattern. It tends to be indented, and so is more mobile and easily stretched.
Most of the interior of the cusp is fibrocartilage in which collagen and polysaccharide form a still gel. Some beta-proteins or elastin may be present. The proportions and chemical stability of these components vary from one age to another, and to a more limited extent from one individual to another. During the period of growth they are more labile than during and after adolescence. The optimum age and stage of development of the donor is a point that requires investigation. It has been known since the time of Carrel that rejection is a cell surface phenomenon that requires the presence of vessels. Since the cusps are an avascular fibrocartilage, this means that no rejection reaction would be expected with either homografts or heterografts.
Cell Behaviour Both the organization of granulation tissue and the behaviour of fibrocartilage in and around the valves can be compared with closely related tissues elsewhere in the body. Metaplasia: One of the characteristics of cells of the connective tissue series is that they change their shape, and also the type of intercellular material they produce, according to the mechanical forces acting on them. Proliferating granulation tissue cells are elongated as a result of their mode of progress along fibrin strands. With the application of tensional forces they continue to be elongated and produce collagen, as in
